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INTRODUCTION
During the last decades an array of different organic electronic devices have been demonstrated and several of them, such as the organic light emitting diodes and field effect transistors, are currently being explored in various applications. [1] [2] [3] These devices are potentially possible to manufacture onto flexible substrates, such as paper and plastics, using common coating and printing tools, thus promising for organic electronics in various distributed and lowcost applications. All-printed organic electronic systems will become a successful generic technology in the future only if devices and systems are robust and simple to manufacture, can operate at low voltages and also if the included electro-active materials are stable and processable from environmentally friendly solvents. Further, traditional large area and high speed printing and coating processes of thin films and patterns are also typically associated with short drying times and moderate annealing temperatures. 4 Major research efforts have been devoted to establish printing manufacturing protocols for organic electronic components, where perhaps flexible displays represent one of the prime targets. The flexible displays, serving as one among several different communication interfaces, will be integrated with transistor circuits, memories, sensors, batteries, etc. to enable novel electronic labels, e-papers and single-use sensors for applications such as packaging, trace-and-track, safety and diagnostics.
Electrochromic (EC) polymer materials are electrochemically active plastics that reversibly can alter its color upon switching their oxidation state and these materials have been synthesized and characterized by many different groups during the last decades. [5] [6] [7] The EC materials represent one important class of electronic materials suitable for all-organic flexible displays and smart windows that are driven at low voltages (~ 1 V) in either the transmission or reflective mode of operation. 3, 8, 9 The color purity, switch time and the color switch contrast are crucial parameters to consider while developing EC materials in display applications. Several recent publications have reported enhanced color switch contrasts as well as multicolor functionality of EC materials. [10] [11] [12] [13] [14] [15] [16] [17] Further, several research groups have demonstrated EC cells incorporated in both actively and passively matrix-addressed cross-point systems, aiming at display systems for e-posters, e-sensor tags, etc. 3, 8, 18 Poly(3,4-ethylenedioxythiophene) (PEDOT) doped with poly(styrene sulfonate acid) (PSS), Figure 1 , is one of the most commonly used conducting polymer materials in flexible electronics.
Besides exhibiting modulation in its electronic conductivity upon electrochemical switching, PEDOT is also electrochromic. These twinned features provide a multifunctional material that can be employed both as the color switch material in pixels and as the channel and electrode material in transistors, and also as the electrical wires to distribute signals along the cross-point One of the most critical parameters of a matrix-addressed display is the aperture ratio, i.e. the area ratio of the active pixel area vs. the total display area, hereinafter called the fill factor.
Hence, one of the prime targets is to always enhance the fill factor, and thereby the overall display appearance, by minimizing the gap between neighboring OECD pixels. In previously reported matrix-addressed displays printed on plastic and paper substrates, respectively, the addressing OECTs and the OECD pixels are located adjacently with respect to each other on the same side of the substrate. 3, 8 This limits the highest achievable fill factor since display cells, transistors and conductors compete against each other to occupy the area of the display surface. One route to enhance the fill factor would be to manufacture only the OECD pixel matrix on the front side of the substrate and then hiding the addressing OECTs and as many of the conducting lines as possible on the back side. Such solution must be accompanied with electronic via connections that guide addressing signals from the back side including addressing conductors and all the OECTs to the OECD pixel matrix distributed along the display front side. 20 In this paper, active matrix addressed organic electrochromic displays (AMOECD), based on an electronic via substrate technology with an enhanced pixel resolution together with a simplified manufacturing process is reported. First, the electrical switching characteristics of OECTs alone are reported. Then, the color switch performance of OECTs combined with OECD pixels, forming the EC smart pixel, is given and finally an AMOECD including 64 (8×8) EC smart pixels manufactured on a plastic electronic via substrate is presented. 
Device preparation
Via holes (8×8) are generated through a plastic substrate, Foil 2 in Figure 4 , at a pitch of 1 mm, using a CO 2 gas laser-drilling machine ( The gate electrodes consists of a uniformly coated PEDOT:PSS layer on top of PET foil, Orgacon EL-350, which is patterned into 8 parallel rows, each one having the dimension of 2×50 mm 2 , by using a knife plotter, see Foil 3 in Figure 4 . A polystyrene grid pattern is then inkjet printed on top of the sheet of gate electrodes, onto which ~2×2 mm 2 electrolyte squares could be surface energy patterned. Finally, the 8×8 AMOECD is completed by that all three foils are laminated into one vertical stack.
Device characterization
Before operating the complete 8×8 AMOECD display, the electrical performance of individual OECTs, OECD pixels and EC smart pixels were independently characterized using a HP/Agilent AMOECD update cycle, which indicates a total row-by-row scanning rate of about 400 ms/row.
to update the EC pixel and finally 100 ms is needed for the on-to-off switching (closing) of the OECT channel.
RESULTS

OECT characterization
First, the current-voltage (I-V) characteristics of the OECT were measured, in which the drain electrode and the transistor channel of the device are electrically connected through the electronic via hole. The on/off switching times and the on/off levels of the drain-source current (I DS ), upon applying a varying gate voltage (V G ) and a constant voltage between the drain and source electrodes (V DS ), were measured on standalone OECTs. The I DS established through the OECT channel was switched off and on in less than 100 ms and 200 ms, respectively, see Figure   2 . The corresponding I DS on-state current is approximately 500 μA while the off-state current reaches below 100 nA; hence the on/off ratio exceeds 5000. The relatively slower off-to-on switch is due to that a reduction front propagates outside the electrolyte-PEDOT:PSS OECT channel area into, and also through, the PEDOT:PSS drain electrode, which occurs as the transistor is switched off and as V DS is negative. This occurs since the PSS phase provides enough ion conductivity that enables a reduction front to migrate towards the negatively biased drain electrode. 21 Re-oxidizing this reduced area, formed between the channel edge and the reduction front within the PEDOT:PSS film, thus limits the speed of the transistor, see Figure   3 . The graph shown in Figure 2 only shows slightly longer off-to-on switching time (< ~200 ms)
as compared to the on-to-off switching time (< 100 ms). However, the off-to-on switch time becomes significantly longer upon increasing the amplitude of V G or if V G is applied for a time period of several ten seconds (data not shown). The combination of the reduction front issue and the fact that the PEDOT:PSS-based OECT operates in the depletion mode is a challenge for the overall operation of the resulting AMOECD. One plausible solution to prevent such prolonged switching time, due to propagation of the reduction front, is to deposit a conducting and electrochemically stable material at the drain electrode, that is in direct contact with the PEDOT:PSS channel.
OECT-OECD smart pixel characterization
The combination of an OECT and an OECD pixel results in an EC smart pixel circuit, combining addressability and pixel functionality, see Figure 4 . Here, the smart pixel is manufactured using a substrate with electronic vias, where the OECT is located on the backside of the substrate.
The drain electrode of the OECT extends through the electronic via to become the counter electrode of the OECD pixel on the front side of the foil substrate. The 1×1 mm 2 smart pixel is completed by laminating Foil 1, Foil 2 and Foil 3 together, see Figure 4 . Two pairs of electrolyte layers ensure good ionic contact between the gate electrode and the transistor channel of the OECT and between the pixel and the counter electrodes of the OECD pixel, respectively. The graph in Figure 5 shows the switching characteristics of the EC smart pixel. The updating current (I P ) of the EC smart pixel is supplied by applying a potential difference to the pixel and counter electrode (V P ). The conduction state of the OECT channel, which is dictated by V G , controls the level of I P . Positive and negative I P values represent coloration and de-coloration of the OECD pixel, respectively. The overall impedance properties of the PEDOT:PSS-based OECD pixel results in a rapid updating current peak, which typically lasts for less than 1 s, during each switching event. The updating voltage protocol and resulting current characteristics of the smart pixel promise for updating of individual pixels in the AMOECD device without any significant cross-talk in between neighboring pixels. The actual updating sequence is described in Figure 5 .
AMOECD characterization
An AMOECD demonstrator containing 8×8 EC smart pixels has been manufactured, that is, a display consisting of 64 OECTs and 64 OECD pixels that all were fully functional. Figure 6 provides the layout scheme of the electronic circuitry of the AMOECD containing only 2×2 EC smart pixels, where the aim is to explain how the voltages are applied when one of the four OECD pixels is switched. To simplify the manufacturing of this particular AMOECD system, the pixel dimension was enlarged to ~2×2 mm 2 with a 2 mm pitch separation between neighboring OECD pixels. Further, the fill factor of the 8×8 AMOECD was estimated to 60-70 %, which is about the same fill factor as compared to the previously reported AMOECD including considerably larger display pixels manufactured on plastic substrate. 3 In fact, the pixel area of the present AMOECD display is only 4 % of the pixel area of the previously reported display manufactured on plastics, i.e. 2×2 mm 2 vs. 10×10 mm 2 . In the case that all pixels, transistors and conducting lines are manufactured onto the same side of the substrate and that a fill factor of 60-70 % is targeted, much more advanced printing techniques including improved registration capability would thus be required in order to shrink the transistor and conductor lines down to 4 % of their present dimensions. In this work we have thus proven that the pixel resolution can be considerably increased at the same time as a fill factor of 60-70% is maintained. This has been possible thanks to that the OECTs and the column lines are defined on the back side of Foil 2 and then connected with the OECD pixels through the electronic via substrate. To prove the successful functionality of the reported display the letter "X" was written into the 8×8 AMOECD system by addressing the addressing rows and columns along the periphery contacts of the display. Proper updating was achieved without any significant crosstalk in between neighboring pixels in a relatively short amount of time (~ 3 s), see Figure 7 .
CONCLUSIONS
An active matrix addressed display consisting of 8×8 individual electrochromic smart pixels has been manufactured from solution-processable materials on top of a flexible polyester substrate by using various printing and coating techniques. Each smart pixel configuration is based on the combination of an electrochromic pixel and an electrochemical transistor, and the manufacturing is simplified by that both components are relying on the same electrolyte as well as the same electrically conducting and electrochemically active polymer. In addition to this, the major contribution reported is that the electrochromic pixel and its corresponding electrochemical transistor are located on different sides of the flexible plastic substrate, and an electrical connection between the two subcomponents are formed by a via conductor. The electronic via substrate therefore enables enhanced pixel resolution at maintained fill factor of 60-70% and a simplified manufacturing process of the matrix-addressed display, as compared to the case of a printed display manufactured entirely by an additive printing process on only one side of the substrate. After long time with Common top electrode Pixel FIGURE 6 A 2 × 2 section of the circuit layout of the AMOECD is given. The required applied voltages to update the lower right pixel is given and L and H represents a low and a high digital voltage level, respectively, e.g. L = 0 V and H = 2 V. The voltage applied to each gate electrode row (V G ) controls the conductivity of all OECTs along that specific row, while the column lines address the source/counter electrodes of all OECTs/OECD pixels along that specific column upon applying the drain-source potential (V DS )/pixel potential (V P ). The OECD pixel electrodes are represented by the top layer, which electronically is set to common ground. Note that the OECT is operating in depletion mode, hence, the channel is non-conducting when V G = H.
FIGURE 7
A photograph showing the operation of an 8×8 AMOECD demonstrator in which the letter "X" successfully is written by the external addressing electronics without cross-talk effects. A video clip showing the ~3 s updating cycles that result in the 8×8 AMOECD image can be seen in the Supporting Information available online.
